Flexible microsupercapacitors (fMSCs) with interdigitated electrode design are a promising platform as a power source or energy storage unit for wearable microelectronics. In this work, a facile fabrication of allsolid-state fMSCs is reported through a combination of simple technologies including bar coating and laser etching, to generate the interdigitated patterned electrodes. These novel fMSC devices made with interdigitated patterned electrodes can deliver outstanding areal capacitance (84.7 mF cm−2 at 5 mV s−1 and 45.5 mF cm−2 at 200 mV−1), high volumetric capacitance (14.5 F cm−3 at 5 mV s−1 and 7.83 F cm−3 at 200 mV−1), and high cycling stability (94.3%, 10 000 cycles). In addition, the fabrication method employed allows for facile fabrication of various interconnects between several fMSCs on a single device, which enables for the required voltage and/or current output to be tuned easily prior to device fabrication. These fMSCs can power 20 light-emitting diodes even when bent demonstrating versatility for practical applications.
Abstract: Flexible microsupercapacitors (fMSCs) with interdigitated electrode design is a 1 promising platform as a power source or energy storage unit for wearable microelectronics. In 2 this work, we report a facile fabrication of all-solid-state fMSC through a combination of 3 simple technologies including bar-coating and laser etching, to generate the interdigitated 4 patterned electrodes. These novel fMSC devices made with interdigitated patterned electrodes 5 can deliver outstanding areal capacitance (84.7 mF cm and high cycling stability (94.3%, 10,000 cycles). In addition, the fabrication method we 8 employed allows for facile fabrication of various interconnects between several fMSCs on a 9 single device, which enables for the required voltage and/or current output to be tuned easily 10 prior to device fabrication. These fMSCs can power 20 light-emitting diodes even when bent 11 demonstrating versatility for practical applications. 12
Introduction 1
Flexible microsupercapacitors (fMSCs) are being studied extensively as alternative power 2 source for flexible and wearable electronics. They are attractive because of their simple 3 construction and ease of fabrication. However, achieving outstanding performance, which are 4 the combination of high energy density, high power density, fast charging and discharging 5 rates for extended periods (>10,000 cycles) and high stability, is proven to be still a challenge. 6 [1] [2] [3] [4] Specifically, fMSCs that are constructed using a conventional design (i.e. two planar 7 electrodes facing each other separated by electrolyte) display performance that fall short of 8 the requirements of microelectronics. [5] [6] [7] To enhance device performance, fMSCs that employ 9 an interdigitated layout of active electrodes have been investigated recently aiming at 10 providing better interaction between electrolyte and electrode materials. This design can 11 generate more ion-accessible surface area between electrolyte and electrode materials, which 12 allows ions in electrolyte to permeate into electrode materials more easily. [8] [9] [10] Compared 13 with the conventional sandwiched construction, this new design provides the opportunity for 14 attaining higher energy and power densities from a limited space through the control of the 15 dimensions and arrangement of the interdigitated micro-fingers. This design also allows 16 planar interconnection between several devices without the intricate connections of wires. [11] 17 However, present fMSCs with interdigitated electrode design require careful choice of 18 electrode material and sophisticated fabrication techniques for electrode patterning. [12, 13] 
19
The energy density of fMSCs, which are evaluated by the areal and volumetric capacitance of 20 the whole device, relies on the quality of electrode materials. [14] Recent efforts have focused 21 on using carbon nanomaterials due to their low-cost, excellent electrical conductivity and 22 long-cycle life (See Summary in Table S1 ). [2, 9, 10, [15] [16] [17] Among these nanomaterials, single 23 layer graphene shows superior volumetric and areal capacitance (600 F cm ) [18, 19] . Other graphene derivatives 25 4 used in fMSCs such as graphene quantum dots [15] , reduced graphene oxide (rGO) [11, 20, 21] , 1 heteroatom-doped graphene [22] also display high volumetric capacitance (15 to 100 F cm -3 ) 2 but low areal capacitance (80 -500 µF cm -2 ) because of the relatively thin electrodes 3 employed (8 -300 nm). It is typically observed for graphene electrodes that volumetric 4 capacitance does not scale with electrode thickness because of the re-stacking of individual 5 graphene sheets and insufficient utilization of their surface area. Other forms of 6 nanostructured carbons like onion-like carbon [2] , porous activated carbon [16] , rGO-carbon 7 nanotubes(CNTs) [17] and porous graphene [13] also provide high ion-accessible surface area, 8 low packing density, and improved areal capacitances (0.2 -13 mF cm -2 ) but the volumetric 9 capacitance is lower (1 -7 F cm -3 ). Some pseudo-capacitive materials like PANi [12, 23] and 10 metal oxides [24] have been used to increase volumetric capacitance (>50 mF cm -2 and >20 F 11 cm -3 , respectively) but the capacity retention and cycling stability are poor (≤90 % at 1,000 12 cycles) due to the redox involved during the charging and discharging process. To date, 13 however, it is still a challenge to prepare a sub-micrometer thick fMSC electrode with good 14 ion accessibility and high packing density that can deliver both high areal and volumetric 15 capacitance, and exhibit high capacitance retention for extended cycle. 16
The scalable fabrication of patterned electrodes is another limitation for fMSCs. Lithography 17 can make elaborate electrode patterns but cost can be very high for mass 18 production. [2, 11, 12, 15, 17, [20] [21] [22] [23] [24] Recently, several groups have used laser printing as a writing tool 19 to directly pattern graphene micro-electrodes on its precursor film (e.g. GO [13, 25] and 20 polyimide sheets [26, 27] ), demonstrating a fast and simple technique for fabricating fMSCs. El-21
Kady et. al. described a scalable fabrication of graphene fMSCs by direct laser writing on GO 22 films using a standard LightScribe DVD burner, printing more than 100 MSCs on a single 23 disc in 30 minutes. [13] One challenge in the aforementioned approach is that residual 24 precursors are left in between the micro-electrodes, which affect the electrolyte penetration 25 from the lateral side of the microelectrodes and result in decreased ion diffusion rate. Recently, 1 laser lithography technology (known as laser-cutting system) was also used as an etching tool 2 to create patterned channels on various kinds of film electrodes (MoS 2 [28] , aMP [29] and 3 MDC [30] ). It is believed that this technology can be applied to a range of electrode materials 4 and film thicknesses provided that residual precursors (or any unwanted materials) are 5 completely removed to create well-separated microelectrodes. This fiber-laser cutter "etches" 6 unwanted material away from the electrode as opposed to "writing" the electrode to generate 7 any practical MSC electrode design on the substrate. The simplicity of this technology (i.e. 8 computer-generated intricate patterns can be "written" on any materials, which include 9 polymers, nanomaterials and many others, and substrates of complex shapes and structures) 10 can pave the way to rational engineering of novel materials for related wearable electronic 11
devices not limited to energy storage applications. 12
Here, we developed an fMSC with superior electrochemical performance by using a facile 13 laser etching process to achieve an interdigitated pattern on a flexible platform made from 14 rGO and PEDOT/PSS composite. The PEDOT/PSS component was effectively stacked in 15 between graphene sheets forming a densely-packed composite electrode (1.4 g cm A CO 2 laser cutter system was used to achieve the desired interdigitated patterns by etching 5 the unwanted components (creating channels) and only leaving the active electrode 6 component intact and adhered onto the substrate. Planar fMSCs were made and tested after 7 receiving an electrolyte overcoat. Compared with photolithography [23, 31] and wet-etching 8 methods [12, 20, 32] , the overall fMSC fabrication process is simpler, quicker, and potentially 9 lower in cost. The laser etching parameters are easily adjustable to achieve various micron 10 resolution patterns without post-processing and therefore readily scalable. resolution is similar to previously reported MSCs (Table S1) . [2, 26, 27, 29, 33] In addition, a small W 23 of ~400 µm can also be observed in the fMSC(20) pattern, which represents ~83 % utilization 24 of the available active electrode area compared to full utilization for non-patterned (i.e. flat)electrode. Table S2 lists Figure 2b shows the CV 7 curves when the device was bent at various curvatures. It can be seen that there is a negligible 8 change in the CV curves when the device was repeatedly bent from L=1 cm to L=0 cm for up 9 to 1,000 times indicating the fMSC device's excellent performance durability. 10 Some applications require current or voltage that is higher than what can be delivered by a 11 single supercapacitor device. One way to meet this requirement is to electrically connect these 12 supercapacitors in series, in parallel or a combination of these connections. Here, these 13 interconnects were readily achieved using the same laser etching method used for a single 14 fMSC device. As shown in that the laser-formed tandem connections between fMSCs enables good control over 22 operating window and current densities. In addition to the ease of fabrication process, the 23 laser-etched fMSCs show great promise for real world applications. 24 The above results proved the feasibility of scalable fabrication of single and tandem fMSCs 1 via laser-etching technique; the electrochemical performance of fMSCs needs to be optimized 2 for better application. To improve the device performance, the quality of flexible electrode 3 films plays a significant role. 4
Characterization of electrode films 5
The flexible electrode films were prepared directly from rGO-PEDOT/PSS dispersions with 6 different component ratios. The method we used was different from our previous report where 7 films were prepared by first bar coating GO-PEDOT/PSS dispersion onto a substrate and the 8 resulting film then treated chemically to reduce the GO component into rGO. [34] A change in 9 method was found necessary because films made by the previous method could be easily 10 delaminated from the substrate and was prone to flaking off during the laser etching process. 11
In contrast, the new method of making rGO-PEDOT/PSS films (i.e. GO was chemically 12 reduced prior to bar coating) resulted in highly flexible films that can be bent and twisted 13 without breaking, delaminating or flaking off the substrate (Supporting Information Figure  14 The presence of PEDOT/PSS in the composite dispersion played an important role in 1 preventing rGO from aggregation during its reduction. This effect is similar to previous 2 observations when chemical reduction of GO is carried out in the presence of surfactant 3 stabilizers or polymers. [35] [36] [37] PEDOT/PSS, a water dispersible conducting polymer, is also 4 known to have non-covalent π-π interactions between the aromatic rings and the basal planes 5 of graphene sheets and could serve as stabilizer for rGO sheets.
[38]
Here we found that when 6 GO sheets were chemically reduced in the presence of PEDOT:PSS, aggregate-free 7 dispersions were observed at GO loadings below 50 wt. %. Upon dilution of the reduced 8 dispersions, aggregates were present only in composite dispersions containing 67 wt. % and 9 80 wt. % GO loadings (Supporting Information Figure S3 ). The dispersions with 50 wt. % 10 loading and below remained homogeneous and stable one month after reduction. It is noted 11 that we have previously confirmed that hypophosphorous acid (HPA, the chemical reductant 12
for GO) had negligible effect on the structure PEDOT/PSS and therefore remained 13 electroactive.
[34]
14
The XRD results showed that PEDOT/PSS intercalated between the GO sheets and prevented 15 it from re-stacking. In Figure S4a , distinct peaks at 2ϴ = 9.26° and 2ϴ = 7.9° were found in 16 GO and GO-PEDOT/PSS samples. These peaks are related to the (002) diffraction of 17 graphene sheet, from which the interlayer d spacing values have been calculated to be 0.95 18 nm and 1.12 nm according to Bragg's law (Equation S1). [39] This slight increase of interlayer 19 spacing in GO-PEDOT/PSS composite film could be attributed to the intercalation of 20 PEDOT/PSS in between GO layers. [40] After reduction, the specific GO peaks at around 10° 21 disappeared in both rGO and rGO-PEDOT/PSS samples and broad peaks were observed at 22 around 2ϴ = 23.6° and 2ϴ = 20.0°, which corresponded to decreased interlayer distance of 23 0.37 nm and 0.44 nm, respectively compared with samples before reduction. The higher 24 interlayer spacing of the composite sample than pure rGO sample also proved the goodinteraction of PEDOT/PSS with individual graphene sheets and its important role in 1 preventing rGO from aggregation during its reduction. This is consistent with the cross-2 sectional SEM observations. 3
The roles of PEDOT/PSS extend beyond enhancing the conductivity and flexibility of the 4 composite film and preventing rGO aggregation. It has also been reported to exhibit excellent 5 compatibility with polymer gel electrolytes (like PVA-H 2 SO 4 and PVA-H 3 PO 4 ) as it 6 facilitates electrolyte penetration into the densely packed rGO sheets. [34] It also increased the 7 packing density of the composite film (from ~1.0 g cm ) compared to our 8 previous work [34] . These two attributes are essential for achieving high volumetric 9 performance. The density achieved for a thick flexible electrode reported here is comparable 10 with literature reported densities for thin film electrodes with high volumetric capacitance 11
) [12, 41] . 12
As mentioned in our previous work, the commercially sourced PEDOT/PSS we use only acts 13 as the conductive and flexible matrix to prevent re-stacking or rGO layer and most of the 14 capacitance arises from the rGO component of the composite electrode. Thus, effective 15 reduction of the GO to rGO component is essential. We verified this reduction by Raman. 16
Pristine PEDOT/PSS pellets, GO, GO-PEDOT/PSS and rGO-PEDOT/PSS dispersions were 17 investigated by Raman spectra and shown in Supporting Information Figure S5 The D/G intensity ratio of the composite samples increased from 1.10 (GO-PEDOT/PSS) to 22
1.24 (rGO-PEDOT/PSS) after HPA treatment suggesting reduction of defects in GO. [43-48,] In 23 addition, the increased 2D intensity attributed to the recovery of crystallinity also verified the 24 reduction of GO. [47, 48] This is also confirmed by XPS spectra of PEDOT-GO and PEDOTrGO films (shown in Figure S6 ). The C 1s XPS spetrum corresponding to carbn atoms ). We note that pure rGO-based fMSC 18 cannot be prepared due to the poor rGO dispersible ability that cracks and flakes off easily 19 from the substrate when cast into films. Evaluation of various composites of fMSCs revealed 20 that the best electrochemical performance (in terms of capacitance and charge transfer rate) 21 was obtained from the device containing 50 wt.% GO loading (Supporting Information Figure  22 S8) and was therefore selected for further study. 23
Evaluation of design parameters on the performance of fMSCs
To evaluate the influence of W on device performance, we investigated the devices with 1 different W (Figure 1b) while other parameters such as L and d were kept constant (Table S2) . 2
The film thickness (T) and mass loading of all films were kept at 11.6 µm and 2 mg cm -2 , 3 respectively. Increasing N (i.e. 4, 8, 12 , 20, and 32) corresponded to narrower W (i.e. 2400 µm, 4 1150 µm, 733 µm, 400 µm and 212 µm, respectively). As illustrated in Figure S9 and Table  5 S2, the loading of active materials decreased from 95.9% to 73.8% on each sample when the 6 number of fingers increased from 4 to 32 (based on the same total surface of 1 cm 2 ). 7
The device performance was evaluated using cyclic voltammetry (CV) measurements, which 8 was carried out as a function of scan rate (5 mV s scan rates, which indicated that fast ion transport was not maintained when W is >400 µm. 17
These results also suggested that the fMSC(20) sample is superior among the samples 18 investigated because it has the highest capacitance at fast scan rates (excellent rate capability) 19 and the highest active material loading. 20
The observed trend for the scan rate dependence of device capacitance on W was also true for 21 specific capacitance when we normalize the capacitance by volume (Figure 5d ) and area 22 (Supporting Information Figure S10a ). For example, at the lowest scan rate of 5 mV s . These values surpass that of carbon-3 based MSCs with sub-micrometer thickness [2, 13, 26, 27, 29, 30, 49, 50] and comparable with that of 4 ultrathin-film MSCs [15, 20, 22] and some pseudo-MSCs [23] (see Table S1 for comparison of 5 literature reported values to this work). The areal capacitance of fMSC(20) at high scan rates 6 was also superior to all samples. The excellent performance of fMSC (20) is also reflected in 7 the energy and power densities (based on the volume of the whole device and CV data). 8 fMSC(20) can deliver the highest power density and store comparable energy density 9 compared to other devices (Supporting Information Figure S10b) . 10
The device performance was further probed using electrochemical impedance studies. The 11 low frequency part of the impedance spectra of all fMSC samples showed vertical line that 12 rapidly increased, which is characteristic of capacitive behavior (Supporting Information 13 Figure S11 ). The high frequency domain (Supporting Information Figure S11 Figure 6a ) are consistent with those of the CV curves. There was a 24 minimal iR drop observed at the beginning of the current discharge curve, which indicatedlow contact resistance in the device. The stability of this device was also evaluated by long 1 term charge-discharge measurements (Figure 6b ). The capacitance retention was 85 % when 2 tested for 10,000 cycles at 1 mA cm -2 . After another 10,000 cycles at 2 mA cm -2 , the 3 capacitance remained 84 % of the initial capacitance, suggesting that the device has high 4 stability, long cycle life, and high rate capability. This stability can also be reflected from the 5 nearly 100 % coulombic efficiency for all cycles. Electrochemical impedance was also carried 6 out before and after the long-term cycle tests. The equivalent series resistance (ESR) from the 7
Nyquist plots was only 4.2 Ω (Supporting Information Figure S12 ), which indicates good 8 electrode conductivity, electrode-current collector contact, and electrolyte conductivity. After 9 these long term cycles, there is only a slight increase in the size of the semi-circle and ESR, 10 suggesting that there is only a small mechanical failure from the polymer doping/dedoping 11 and ion absorbing/desorbing process. [51, 52] 
12
The device performance of fMSC(20) was compared with a planar supercapacitor prepared 13 from similar electrode/electrolyte composition, thickness and dimensions. This planar 14 supercapacitor was constructed using a conventional sandwiched design (fSSC) where two 15 non-patterned rGO-PEDOT/PSS films (11.6 µm-thick, 1 cm × 1 cm for each film) face each 16 other and are separated by the PVA/H 3 PO 4 gel electrolyte. We found a striking difference in 17 performance in favor of the fMSC(20) as summarized in Supporting Information Figure S13  18 and Table S3 . Without the separator layer, the fMSC device is much thinner (11.7 µm) than 19 fSSC (156 µm) and can deliver 10 times higher volumetric capacitance than that of the fSSC 20 device (Supporting Information Figure S13a ). This result shows the interdigitated design of 21 supercapacitor can supply higher power density for microelectronics than the conventional 22 sandwiched design. It was not straightforward to evaluate the performance of electrode 23 materials from capacitance based on area or volume of device because even when fMSC and 24 fSSC devices were produced from the electrode film of the same size, the dimension of theassembled device and the active material loading are different (Table S3) . Therefore, we also 1 calculated the specific capacitance based on the volume and area of electrode materials based 2 on Equation S6 and S7. As shown in Figure S13c and S13d, fMSC electrodes have slightly 3 higher areal capacitance, volumetric capacitance and rate capability than that of the fSSC 4 electrode. These results show favorable fMSC electrode materials for electrolyte penetration 5 and ion diffusion. 6
The fMSC(20) device can also deliver high power and energy densities (4.52 W cm , respectively). In comparison with some commercialized Li-ion thin film 8 batteries [2, 29] that are presently used in microelectronics, the fMSC(20) device has comparable 9 energy density, but has power density that is more than three orders of magnitude higher 10 (Figure 6c ). Also shown in this figure is the comparison with commercialized supercapacitors 11 where the fMSC(20) device exhibited significantly higher energy density and comparable 12 power densities. These results demonstrate the exciting potential of these devices for practical 13 applications in energy storage for microelectronics. 14
Increasing the electrode thickness to increase the capacitance of the device 15
Electrode thickness is another important parameter that can be used to tune supercapacitor 16 performance. [12, 53] In general, device capacitance can be increased by using higher active 17 electrode mass loading, which also results in thicker electrodes. [53] However, an increase in 18 the mass loading and electrode thickness can also increase the electrode resistance and affect 19 the overall device performance (rate capability, aerial and volumetric capacitance). Figure 7a) , the CV curves of all devices exhibited excellent 1 rectangular shape and a remarkable increase in the area of these curves for devices with 2 thicker electrode was observed. The linear increase in areal capacitance and slight decrease in 3 volumetric capacitance with increasing electrode thickness (Figure 7c, solid line) indicate that 4 the electrolyte ions had good access to the interior surface of the active materials at this scan 5 rate. With increasing scan rate, the shape of the CV curves became non-rectangular 6 (Supporting Information Figure S14 ), as has been reported for thick electrodes due to the 7 reduced ion diffusion time and longer diffusion path. [53] It is noteworthy that for our devices 8 with thick electrodes (fMSC(20)-58µm), the rectangular shape was maintained at a relatively 9 high scan rate of 200 mV s -1 (Figure 7b ) indicating that good rate capability was retained. 10
The areal capacitances of both 84.7 mF cm as listed in Table S1 . Also, slightly 14 decreased volumetric capacitances of 14.5 F cm Table S1 . [2, 13, 15, 20, 26, 27, 29, 30, 54] In addition, this device delivers an energy density that 17 is almost four times higher than the fMSC(20)-11µm (13.1 µWh cm -2 vs. 3.46 µWh cm energy density is powerful enough to power a light-emitting diode (LED) (1V) when fully 6 charged ( Figure 8a) . As most of applications require higher voltage window, tandem fMSCs 7 connected in 6 series × 2 parallel were fabricated from a long strip of flexible rGO-8 PEDOT/PSS film (1.5 cm × 18 cm). This device was rolled around a wrist to demonstrate its 9 robustness while in operation. Using this configuration, this fMSC device successfully 10 powered 20 small LEDs when fully charged to 6V (Figure 8b and Movie S2). These results 11 highlight the exciting potential of these fMSCs in a wide range of applications, especially 12 wearable electronics. 13
Conclusion 14
In Summary, an all-solid-state graphene-PEDOT/PSS-based fMSC have been simply and 15 successfully fabricated through a combination of bar-coating and laser-etching techniques. 16 We demonstrated that the laser-etching is a scalable technique to generate interdigitated 17 electrode patterns due to the simple, quick, and low-cost process. The dimensions and 18 interconnect patterns of these laser-fabricated electrode are easily adjustable to achieve the 19 desired energy, power, current and voltage outputs. In addition, the single fMSC device 20
showed little changes in electrochemical performance when bent at various angles repeatedly 21 for 1,000 times, indicating the robustness required by many practical applications. In the ) and excellent cycling property (>10,000 cycles). The demonstration of powered LED 4 lights using the single and tandem fMSCs highlight the great potential of the scalable fMSCs 5 in real application. Furthermore, the success of scalable fabrication of tandem fMSCs 6
demonstrates that the Laser-Lithography technology we employ has the potential to make 7 practical advances in device engineering, particularly for device fabrication and design of 8 flexible devices requiring intricate connections, shapes and structures. 9
Experimental Section 10
Materials: Graphite flakes, diethylene glycol (DEG), poly (vinyl alcohol) (PVA, Mw: 146000 11 ~186000) and hypophosphorous acid (HPA) were purchased from Sigma-Aldrich. 12
Orthophosphoric acid (H 3 PO 4 , 85%) were obtained from Chem-Supply. Poly (3,4-13 ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) pellets was Orgacon™ DRY 14 re-dispersible product from Agfa company. 15
Preparation of rGO-PEDOT/PSS dispersion: rGO-PEDOT/PSS dispersions were prepared by 16
reducing GO under the presence of PEDOT/PSS in the dispersion (GO-PEDOT/PSS 17 dispersion). Firstly, PEDOT/PSS pellets were added into GO dispersions (prepared by 18 improved Hummers method), [34, 55] Firstly, sliver paint (Ted Pella) was applied on the contact pads, followed by extending with 22 conductive copper tapes, which were connected to electrochemical workstation during testing. 23
A hot polymer gel electrolyte PVA-H 3 PO 4 (heated to 85 °C prior to use) was then drop cast 24 onto the projected area and solidified in air overnight. The PVA-H 3 PO 4 electrolyte wasprepared according to the previously reported method [34] . PVA powder (4 g), H 3 PO 4 (6 g) and 1 deionized water (40 mL) were mixed together and then heated to around 85 °C under 2 magnetic stirring until the solution became clear. 3
Characterization and measurements: Physical characterization was achieved by optical 4 microscopy, scanning electron microscopy (SEM), four-probe conductivity, surface 5 profilometer, X-ray diffraction (XRD) and Raman spectroscopy. Patterns of laser-cut micro-6 devices were observed by optical microscopy (Leica DM6000 upright microscope). The 7 cross-section morphology of drop-cast and laser-cut films were investigated from a JEOL 8 JSM-7500FA field emission SEM with the accelerating voltage set at 5.0 kV and the emission 9 current at 10 mA. The film thicknesses were measured using a Veeco Dektak 150 surface 10 profilometer and sheet resistances were measured using a Jandel RM3-AR four-probe 11 conductivity. XRD was performed on a GBC MMA XRD (λ = 1.54 Å) with the voltage and 12 current kept at -40 kV and 25 mA, respectively. Raman spectroscopy was carried out on a 13
Jobin-Yvon Horbia 800 using a 632.81 nm laser. The data analysis was carried out using 14 Labspec V.5.45.09 software. The electrical conductivity of the rGO-PEDOT/PSS film was 15 measured by standard four-point probe conductivity (JANDEL RM3-AR). 16
Electrochemical performances of as-prepared fMSCs were investigated by cyclic voltammetry 17 (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge/discharge 18 techniques. CVs were performed using a CHI720 electrochemical work station. 
